Effects of heat treatment, with and without an external magnetic field, on the magnetic properties of Fe 81 B 15 Si 4 amorphous specimens are investigated by Lorentz microscopy and electron holography. These observations are used to clarify the details of magnetizing processes in the specimens. It is found that heat-treatment with an external magnetic field increases the magnetic anisotropy, while that without reduces the magnetic anisotropy. It is considered that this difference results from the alleviation of the strain field by heat treatment and the induced magnetic anisotropy caused by heat treatment with a magnetic field.
Introduction
Recently, with respect to the prevention of global warming and resource saving, electrical power saving has been required. Reducing power loss in electric transformers greatly contributes to electrical power savings. Thus, many efforts have been made to improve the magnetic properties of soft magnetic materials. For example, Fe-Si-B amorphous alloys are used in distribution transformers, which require lower core loss. Core loss is divided into hysteresis loss, residual loss, and eddy current loss. Amorphous alloys have lower hysteresis loss than conventional crystalline alloys such as silicon steel sheet, due to their amorphous structure, in which the magnetization is more easily rotated using applied magnetic fields. They are also known to have low eddy current loss, due to high electric resistance and formability to a thickness of approximately 25 mm.
The magnetic properties of this material can be improved by heat treatment. In order to understand the effects of heat treatment, the magnetic domain structures in partially crystallized Fe-Si-B alloys have been observed. [1] [2] [3] [4] [5] [6] However, observations of the domain structure of heat-treated alloys that preserve the amorphous state are insufficient. The purpose of this study is to investigate the magnetic properties of heat-treated Fe-Si-B ribbons that keep the amorphous state, using Lorentz microscopy and electron holography in order to understand the magnetic properties in terms of the magnetic domain structure.
In particular, Lorentz microscopy and electron holography are used to investigate the following points. 
Experimental Procedure
Amorphous ribbons of Fe 81 B 15 Si 4 were fabricated by a single-roller melt-spinning technique, and three types of amorphous ribbons were prepared; (i) as-cast, (ii) heattreated without a magnetic field (613 K, 1 h), and (iii) heattreated in a magnetic field (613 K, 1 h, 1.5 kA/m). The heat treatment temperature is lower than the crystallization temperature of 761 K, so that the amorphous state is maintained in these ribbons. The magnetic properties of these ribbons are presented in Table 1 , and hysteresis loops of the three ribbons are shown in Fig. 1 . A direct current B-H tracer was used for these measurements. The sample sizes are 5 mm Â 23 mm Â 120 mm. The magnetic fields were applied in the longer direction in the samples. In Table 1 , B 800 represents the magnetic flux density when a magnetic field of 800 A/m is applied. Two different heat treatments improved the magnetic properties, and the ribbon heat-treated in a magnetic field exhibited the highest B 800 and the smallest coercivity.
Thin specimens for transmission electron microscope (TEM; JEM-3000F) observation were prepared using a focused ion beam (FIB; JEM-9310FIB) technique. After the FIB process, the specimens were milled by Ar ions with low acceleration voltage (Gentlemill), in order to remove the damaged surface layers. TEM observations were carried out with a Lorentz lens and an electron biprism installed. 7) A stray magnetic field at the specimen position in the Lorentz lens was reduced to about 32 A/m. For the in-situ observation of the motion of the magnetic domain walls, a recently 8) This stage can apply a horizontal magnetic field on the specimen using a small electromagnet in the specimen holder.
For comparison of the magnetic anisotropies of these specimens, attention was focused on the relation between the width of the magnetic domain wall and the magnetic anisotropy. The relation is given by:
where , A and K u are the domain wall width, exchange stiffness constant and magnetic anisotropy constant, respectively. If it can be assumed that the exchange stiffness constants are almost the same in three types of specimen, then the anisotropies of these specimens can be compared. The widths of the magnetic domain walls were measured through the analysis of Lorentz microscope images. Figure 2 shows Lorentz microscope images of the amorphous specimens; (a) as cast, (b) heat-treated without magnetic field, and (c,d) heat-treated with magnetic field. In comparison with the other images, Fig. 2(a) displays a rather complicated domain wall distribution, as seen in the top left and bottom right of the image. On the other hand, the specimen heat treated without magnetic field has a rather simple domain wall distribution. The difference is considered to result from the heat treatment, which lowers the strain field inside the specimen. In Figs. 2(c) and (d) , the direction of the magnetic field applied during heat treatment is indicated by double-ended arrows. It is noted that each Lorentz microscope image displays a closure domain configuration which is affected by the shape of the specimen. The shapes of the specimens shown in Fig. 2(c) and (d) are not so different. But, long 180 domain walls at the center of closure domains form along the direction of the applied magnetic field, which indicates that the magnetic anisotropy field is induced by the magnetic field during heat treatment.
Results and Discussion
In order to compare the magnetic anisotropies of these specimens, the widths of their magnetic domain walls were measured from the domain wall contrast with change in the defocus value. 10) Figure 3 shows the widths of the black line contrast of domain walls as a function of defocus value. In this plot, the gradient of the width of the contrast to the defocus value depends on the intensity of magnetization and the specimen thickness, but the widths as extrapolated to the focused condition are not affected by specimen thickness so much. From extrapolation of the experimental data to the focused condition, the domain wall widths of the as-cast specimen and the specimens heat-treated without and with magnetic fields were estimated to be 119, 143 and 83.8 nm, respectively. If the exchange stiffness constant A is almost equal, then the magnetic anisotropy of the specimen heattreated without a magnetic field is the smallest, while that of the specimen heat-treated with a magnetic field is the largest. It is considered that the small anisotropy of the specimen heat-treated without a magnetic field results from the lowered strain field in the specimen, and the large anisotropy of the specimen heat-treated with a magnetic field results from the induced magnetic anisotropy. domain walls form along the direction of the magnetic field applied during specimen fabrication. This result confirms the isotropic magnetic field along the direction of the magnetic field applied during heat treatment.
Conclusions
The magnetic domain structures in three amorphous Fe 81 B 15 Si 4 specimens, as-cast and heat-treated with and without magnetic field, were investigated by Lorentz microscopy and electron holography. The results are summarized as follows.
(1) The magnetic domain structures of heat-treated specimens were simpler than that of the as-cast specimen. The magnetic domain wall motions in the heat-treated specimens were smoother than that of the as-cast specimen. It is considered that the heat treatment decreases the strain field in the as-cast specimens, resulting in small coercivity. (2) Through measurement of the domain wall widths, it was found that the specimen heat-treated with an external magnetic field has the largest magnetic anisotropy, while the specimen heat-treated without an external magnetic field has the smallest magnetic anisotropy.
(3) In-situ Lorentz microscopic observations of the specimen heat-treated with a magnetic field also exhibit induced magnetic anisotropy along the direction of the external magnetic field applied during heat treatment. 
